Interleukin-17 (IL-17) is a cytokine secreted primarily by T H -17 cells. Although IL-17 is primarily associated with the induction of tissue inflammation, the other biological roles of IL-17, including non-immune functions, have yet to be thoroughly explored. Here, we report that T-cell-produced IL-17 can induce proliferation of human bone marrow-derived mesenchymal stem cells (hMSCs) in a manner dependent on the generation of reactive oxygen species (ROS). Rac1 GTPase and NADPH oxidase 1 (Nox1) are activated by IL-17 to produce ROS, which in turn stimulates hMSC proliferation. The activation of the MEK-ERK pathway is also crucial for IL-17-dependent hMSC proliferation. TRAF6 and Act1 are required to activate Nox 1 and to phosphorylate MEK on IL-17 stimulation. Interestingly, IL-17 not only accelerates the proliferation of hMSCs, but also induces their migration, motility, and osteoblastic differentiation. Furthermore, IL-17 induces the expression of M-CSF and receptor activator of NF-jB ligand (RANKL) on hMSCs, thereby supporting osteoclastogenesis both in vivo and in vitro. On the basis of these results, we suggest that IL-17 can function as a signal to induce extensive bone turnover by regulating hMSC recruitment, proliferation, motility, and differentiation.
The interleukin-17 (IL-17) cytokine family is a family of proinflammatory cytokines comprising six members: IL-17A to IL-17F.
1,2 IL-17 is thought to be involved in tissue inflammation by stimulating the release of other proinflammatory cytokines and inducing neutrophil chemotaxis. 1 Moreover, IL-17 has been associated with various human diseases such as systemic lupus erythematosus, asthma, rheumatoid arthritis, and allograft rejection. [3] [4] [5] [6] Recently, T H -17 cells derived by IL-23 were identified as a novel subset of CD4 þ effector T cells that produce IL-17A and IL-17F. 7 In addition, various cellular sources of IL-17 including CD4 þ memory T cells, CD8 þ memory T cells, neutrophils, and eosinophils have been identified. [8] [9] [10] [11] Recent studies have shown that IL-17 also affects the functions of non-immune cells. IL-17 has been shown to induce the expression of receptor activator of NF-kB ligand (RANKL) on osteoblasts. 5 Furthermore, the level of IL-17 in the synovia of rheumatoid arthritis patients is particularly high, suggesting that IL-17 may play a role in this bone-destructive disease. 5 RANKL, expressed mainly on osteoblasts and T cells, supports the differentiation of osteoclasts, the bone-resorbing cells of macrophages/monocyte origin. 12 In addition, IL-17-producing T H -17 cells were identified as a RANKL-expressing T-cell subset, suggesting a pivotal role of these cells in the regulation of bone homeostasis. 13 In pilot experiments to assess the role of IL-17 in the bone microenvironment, we discovered that IL-17 stimulated the proliferation of human mesenchymal stem cells (hMSCs). MSCs are pluripotent progenitor cells that contribute to the regeneration of mesenchymal tissues, including bone, adipose tissue, cartilage, muscle, ligament, tendon, and stroma. 14 Although IL-17 was shown to increase the formation of fibroblast-like colonies from bone marrow cells, 15 the exact identity of those colony-forming cells and the detailed mechanism by which IL-17 stimulates proliferation of those cells has not yet been elucidated. In this study, we delineated the IL-17-dependent signaling pathways that lead to increased proliferation of hMSCs using a defined population of cells, and explored the role of IL-17 in hMSC differentiation and function. We show that the generation of reactive oxygen species (ROS) is crucial for IL-17-stimulated hMSC proliferation. Furthermore, our results suggest that IL-17 also stimulates the migration, motility, and osteoblastic differentiation of hMSCs. In addition, IL-17 induces the expression of M-CSF and RANKL on hMSCs, thereby stimulating osteoclastogenesis, both in in vitro coculture and in in vivo implant experiments. These results suggest a novel role of IL-17 in the regulation of hMSC function for the maintenance of bone homeostasis as well as the pathogenesis of bone-destructive diseases.
Results IL-17 stimulates hMSC proliferation, osteoblastic differentiation, and motility. In the bone microenvironment, interactions between T cells, osteoclasts, and osteoblasts play crucial roles in determining bone homeostasis. Interestingly, rheumatoid arthritis synovium is rich in IL-17, which stimulates osteoclast-mediated bone destruction through upregulation of RANKL expression on osteoblasts. 5 As MSCs have the potential to differentiate into osteoblasts, we focused on the effects of IL-17 on hMSCs. First, we examined the characteristics of hMSCs used in our experiments. Both primary hMSCs and Cambrex hMSCs exhibited the potential to differentiate into osteoblasts, adipocytes, and chondrocytes (Supplementary Figure 1) . Furthermore, both primary hMSCs and Cambrex MSCs expressed hMSC markers such as CD73, CD90, CD105, and CD166 (Supplementary Figure 2) . Thus, we used these cells in further experiments to define the role of IL-17 in hMSCs. To date, five members of the IL-17 receptor family have been identified based on sequence similarity to the originally described IL-17Ra. 1, 8 Reverse transcription (RT)-PCR analysis showed that the hMSCs expressed all five members of the IL-17 receptor family, although expression of IL-17Re was relatively low (Figure 1a) . The surface expression of IL-17Ra was confirmed by fluorescenceactivated cell sorting (FACS) analysis (Figure 1b) . To test whether IL-17 can stimulate hMSC proliferation, we cultured primary or Cambrex hMSCs in the presence of IL-17 and assessed the amount of bromodeoxyuridine (BrdU) incorporation ( Figure 1c and Supplementary Figure 3a) . When hMSCs were treated with 50 ng/ml IL-17 for up to 8 days, BrdU uptake was significantly increased, suggesting that IL-17 promotes proliferation of these cells. Increasing concentrations of IL-17 enhanced the proliferation of hMSCs, with 5 ng/ml of IL-17 showing a significant stimulatory effect (Supplementary Figure 3b) . Although the ligand specificity of the IL-17 receptor family has yet to be clarified, it is likely that IL-17 signaling is mediated primarily by IL-17Ra. 1 Thus, we evaluated the involvement of IL-17Ra in the IL-17-dependent proliferation of hMSCs. Although control IgG had no effect, anti-IL-17Ra neutralizing antibody almost completely negated the effect of IL-17 on the proliferation of Cambrex MSCs (Figure 1d ) and primary hMSCs (Supplementary Figure 3a) . When cultured with IL-17, significantly higher numbers of hMSCs became alkaline phosphatase (ALP) positive compared with cells grown in media alone, suggesting that IL-7 is a potent inducer of osteoblastic differentiation (Figure 1e , upper panel) in the absence of any additional osteogenic signals. IL-17 (50 ng/ml) was as potent as BMP-2 (30 ng/ml) in inducing osteogenic differentiation of primary hMSCs during a 10-day culture (data not shown). The ability of IL-17 to induce osteoblastic differentiation of hMSCs was further confirmed by the dramatically enhanced mineralization of IL-17-treated hMSCs (Figure 1e , lower panel). To exclude the possibility that the increased ALP activity was simply due to increased proliferation, we cultured hMSCs in the presence of 10 mM 5-azacytidine, which completely blocked IL-17-induced proliferation (Supplementary Figure 3c) . The IL-17-dependent increase in the ALP activity was still observed when hMSCs were cultured in the presence of 5-azacytidine, suggesting that IL-17 stimulated the osteoblastic differentiation of hMSCs independent of its effect on proliferation (Figure 1f ). The incubation of hMSCs with IL-17 for 24 h resulted in increased expression of ALP, Runx2, and Cox2 mRNA, further confirming that IL-17 can induce osteoblast differentiation from hMSCs ( Figure 1g ). Next, we used a Boyden chamber assay to test whether IL-17 can induce migration of hMSCs toward a IL-17 gradient (Figure 1h ). Primary hMSCs were added to the upper chamber followed by the addition of IL-17 into the lower chamber. At 8 h after incubation, a significantly higher number of hMSCs was recovered from the lower chamber, suggesting that hMSCs migrate towards IL-17. Finally, the effect of IL-17 on the motility of primary hMSCs was tested by a wound-healing assay (Figure 1i) . A greater number of hMSCs moved into the wound site after a 24-h incubation with IL-17, suggesting higher motility of hMSCs in the presence of IL-17. Migration and would-healing experiments with Cambrex MSCs produced similar results, further confirming that IL-17 can stimulate hMSC migration and motility (Supplementary Figure  4) .Taken together, the data in Figure 1 suggest that IL-17 binding to IL-17 receptor(s) on the surface of hMSCs promotes their proliferation, differentiation, chemotaxis, and motility.
IL-17-stimulated generation of ROS in hMSCs is mediated by Nox1. The mechanism by which IL-17 induces proliferation of hMSCs has never been explored. ROS seem to be involved in the proliferation of fibroblasts 16 and several other types of mammalian cells. 17 To test whether the generation of ROS is involved in IL-17-dependent hMSC proliferation, we measured intracellular production of ROS in hMSCs after IL-17 treatment using 2 0 ,7 0 -dichlorofluorescein-diacetate (DCFH-DA), an oxidationsensitive fluorescent dye. IL-17 stimulated a rapid production of ROS in Cambrex MSCs (Figure 2a ) as well as in primary hMSCs (Supplementary Figure 5) , whereas the addition of an anti-oxidative agent, N-acetylcysteine (NAC), completely diminished the DCFH-DA fluorescence. Time course analysis showed significantly increased levels of ROS as early as 1 min after IL-17 stimulation; the maximum levels of ROS were observed at 10 min after treatment (Figure 2b) . Furthermore, addition of a neutralizing anti-IL-17Ra antibody markedly attenuated the generation of ROS on IL-17 stimulation. We next investigated the signaling pathways downstream of IL-17-induced ROS generation. Treatment of hMSCs with IL-17 resulted in increased phosphorylation of Akt, MEK, ERK, p38, and IkB (Figure 2c ). The IL-17-dependent activation of MEK, ERK, and IkB was significantly attenuated in the presence of NAC, whereas that of p38 and Akt was not affected. NADPH oxidase (Nox) enzymes play an important role in the generation of ROS by producing superoxides. 18 As antioxidants attenuated IL-17-dependent signaling in hMSCs, we examined whether Nox enzymes were involved. The GTPase Rac1 can stimulate at least two of the Nox proteins, namely, Nox1 and Nox3. [19] [20] [21] Upon IL-17 stimulation of hMSCs, there was a rapid increase in the levels of GTP-bound Rac1 (Figure 2d ). At 5 min after IL-17 TRAF6 and Act1 mediate IL-17-dependent generation of ROS. We next investigated which signaling molecules upstream of Nox1 are activated in hMSCs on IL-17 stimulation. Schwandner et al. 22 suggested that TRAF6 might directly bind to the IL-17 receptor, thereby mediating the cellular functions of IL-17 in mouse embryonic fibroblasts. Furthermore, Act1 was recently shown to associate with both TRAF6 and the IL-17 receptor in fibroblasts. 23 To examine the roles of TRAF6 and Act1 in IL-17-dependent signaling, we first examined the expression of these two proteins in hMSCs. As shown in Figure 3a , hMSCs express mRNA for both TRAF6 and Act1. To investigate the functions of TRAF6 and Act1 during IL-7-induced proliferation of hMSCs, we knocked down their expression using retrovirus-mediated siRNA. Infection of hMSCs with viruses harboring specific siRNA target sequences resulted in hMSCs with significantly lower mRNA and protein expression of TRAF6 (#2 siTRAF6) and Act1 (#2 siAct1) (Figure 3b ). Figure 3c shows that the IL-17-dependent activation of MEK was significantly impaired in TRAF6 or Act1 knocked down hMSCs compared with cells infected with viruses harboring luciferase-targeting sequences (siCTL) or ineffective siRNA constructs (#1 siTRAF6 and #1 siAct1). Moreover, the amount of GTPbound Rac1 was also significantly lower in IL-17-treated hMSCs when TRAF6 or Act1 expression was knocked down (Figure 3d ). In addition, the silencing of TRAF6 or Act1 in hMSCs significantly decreased IL-17-induced ROS production detected by DCFH-DA fluorescence (Figure 3e ). Taken together, these results suggest that TRAF6 and Act1 are crucial upstream signaling components of IL-17-stimulated ROS production.
Roles of TRAF6, Act1, and Nox1 in IL-17 stimulated proliferation of hMSCs. We next examined the role of IL-17-dependent signaling pathways in IL-17-induced hMSC proliferation. The knockdown of TRAF6 or Act1 in hMSCs almost completely attenuated IL-17-induced proliferation, as examined by BrdU incorporation into these cells (Figure 4a) . Similarly, knockdown of Nox1 by retroviral infection reduced the IL-17-dependent proliferation of hMSCs (Figure 4b , #3 siNox1), whereas viruses ineffective at decreasing the Nox1 levels (#1 siNox1 and #2 siNox1) showed no such effect. Furthermore, the Nox inhibitor DPI, which strongly abrogates ROS generation, blocked IL-17-induced proliferation of hMSCs ( Figure 4c and Supplementary Figure 3a) . NAC treatment consistently resulted in the complete inhibition of IL-17-stimulated hMSC proliferation (Figure 4d and Supplementary Figure 3a) . Finally, pharmacological inhibition of MEK, ERK, and NF-kB pathways hampered IL-17-dependent proliferation of hMSCs (Figure 4e ). Although the MEK inhibitor, U0126, most strongly impaired the IL-17-induced proliferation of hMSC, the IKK inhibitor and phosphatidylinositol 3-kinase inhibitor, LY294002, also impaired IL-17-induced hMSC proliferation, albeit to a lesser extent. In contrast, the inhibition of the IL-17-activated p38 pathway, which was independent of ROS generation (Figure 2c ), did not affect IL-17-induced proliferation of hMSCs. IL-17 did not stimulate ALP activity in the presence of NAC, suggesting that ROS generation is also involved in the IL-17-induced osteoblastic differentiation of hMSCs (Figure 4f ).
M-CSF indirectly stimulates the secretion of IL-17 by T cells in PBMC culture. We next sought to determine the source of IL-17 in the bone microenvironment. In a preliminary microarray experiment, we discovered that the expression of IL-17 was significantly increased when human peripheral blood mononuclear cells (PBMCs) were cultured with M-CSF and RANKL to induce osteoclast differentiation. However, we later found out that it was M-CSF, not RANKL, which actually induced IL-17 production (Figure 5a , and data not shown). During the 9-day culture period, significant amounts of IL-17 were detected in the culture supernatants of PBMCs stimulated with M-CSF, regardless of the presence of RANKL. In contrast, PBMC-derived macrophages generated by culturing PBMCs with M-CSF for 3 days did not produce IL-17, excluding PBMC-derived macrophages as the source of IL-17. We next tested whether T cells, presumably T H -17 cells, produce IL-17. 7 As shown in 
Discussion
The current understanding of the interaction between hMSCs and T-cell immunology is that hMSCs have immunosuppressive effect on T cells both in vitro and in vivo. 24, 25 However, the effects of T cells and T-cell cytokines on the regulation of hMSC function have rarely been studied. As the regulation of bone homeostasis by T cells is of great interest, we explored the effect of the T-cell cytokine IL-17 on the function of MSCs that can differentiate into osteoblasts. IL-17, secreted primarily by T H -17 cells, induces tissue inflammation. IL-17 has been shown to induce the proliferation of cells of various origins such as endometrial stromal cells and airway epithelial cells. 26, 27 Notably, Huang et al. 15 reported that IL-17 might stimulate the formation of fibroblast-like colonies from human bone marrow stromal cells, suggesting a putative role of IL-17 in stimulating hMSC proliferation. However, these authors did not clearly define the identity of the stromal cells, leaving open the question as to whether IL-17 might directly stimulate the proliferation of hMSCs. Furthermore, the IL-17-dependent signaling pathways responsible for IL-17-dependent hMSC proliferation were unknown. In this study, we used human bone marrow-derived MSCs (both primary hMSCs and commercially-available Cambrex MSCs). We evaluated their ability to differentiate into adipocytes, chondrocytes, and osteoblasts ( Supplementary Figure 1) , and determined which surface markers they expressed (Supplementary Figure 2) to clearly show that IL-17 can stimulate the proliferation of defined hMSCs. The regulation of hMSC proliferation by IL-17 was of particular interest, because we observed high levels of expression and secretion of IL-17 by T cells in the presence of macrophages ( Figure 5) . Indeed, the bone microenvironment, especially in rheumatoid arthritis synovium, is rich in T cells and monocyte/macrophages with an ample amount of M-CSF present, suggesting that IL-17 may regulate MSC function. Although the precise mechanism by which macrophages stimulate the generation of T H -17 cells remains to be elucidated by further studies, the requirement for direct contact between T cells and macrophages (Figure 5c ) suggests that cell surface proteins, not soluble factors, are involved in this process.
In this report, we provided clear evidence that IL-17 stimulates the proliferation and osteoblastic differentiation of hMSCs (Figure 1) . The mechanism by which IL-17 stimulates these hMSC responses was proven to involve the generation of ROS (Figure 2) . Addition of IL-17 to hMSCs induced the rapid generation of ROS, whereas incubation of cells with antioxidative agents completely blocked the IL-17-dependent proliferation and differentiation of hMSCs (Figure 4) . However, the effect of IL-17 on osteoblastic differentiation of hMSCs is separate from its effect on their proliferation, as IL-17 could stimulate osteoblastic differentiation when proliferation was inhibited by 5-azacytidine (Figure 1f ). This divergence implies that IL-17 may play different roles at different stages of osteoblastogenesis. The generation of ROS by IL-17 involved the activation of the Nox complex (Figure 2 and Supplementary Figure 5) . Importantly, knockdown of Nox1 by siRNA prevented IL-17-induced proliferation, confirming the crucial involvement of this Nox enzyme. Furthermore, TRAF6 and Act1 were critical for the activation of the Nox complex, as evidenced by the lack of IL-17-dependent Rac1 activation and proliferation of hMSCs in the absence of TRAF6 and Act1 (Figures 3 and 4) . The MEK-ERK kinases are suggested as downstream target of ROS formed on IL-17 stimulation (Figure 2 ). Unlike published results suggesting the crucial involvement of TAK1 in mediating IL-17 signaling in human airway epithelial cells and mouse embryonic fibroblasts, 28, 29 we did not observe any difference in the IL-17-dependent activation of MEK and ERK in hMSCs overexpressing dominant-negative (DN) TAK1 (Supplementary Figure 7) . Rather, MEK and ERK were hyperphosphorylated by IL-17 in the presence of DN TAK1. Further studies should follow to determine whether the kinase activity of TAK1 or the adaptor-like role of TAK1 is important for IL-17-dependent signaling in hMSCs. Taken together, our results clearly show that IL-17 stimulates the proliferation of hMSCs through the generation of ROS by TRAF6 and Act1-dependent activation of the Nox complex, and ultimately, the activation of MEK-ERK kinases.
In terms of the coupling of bone formation and bone resorption, osteoblasts express both M-CSF and RANKL on their surface, which are the two pivotal cytokines required for osteoclastogenesis. 12, 30 Among many human diseases associated with abnormal IL-17 levels, rheumatoid arthritis is of particular interest, because an earlier study revealed that IL-17 could induce the production of inflammatory cytokines from synovial fibroblasts. 31 In a later study, IL-17 was linked to osteoclast-mediated bone destruction; IL-17 stimulated RANKL expression on osteoblasts. 5 In addition, T H -17 cells have been shown to have high levels of RANKL expression and directly stimulate osteoclastogenesis. 13 Thus, we extended our study to investigate whether IL-17 could regulate MSC function to induce osteoclastogenesis. In addition to stimulating proliferation, IL-17 also induced the motility and migration of hMSCs (Figure 1) . Furthermore, IL-17 facilitated the expression of ALP and the formation of mineralized nodules by hMSCs, suggesting augmented osteoblast differentiation. Finally, IL-17-stimulated hMSCs expressed both M-CSF and RANKL, and showed enhanced osteoclast differentiation in the absence of exogenously added M-CSF and RANKL, both in vitro and in vivo (Figure 6 ). Until now, it has been suggested that osteoclastogenesis is favored in the presence of T H -17 cells by both direct (stimulation of osteoclast precursors by RANKL on T H -17 cells) and indirect As hyper-osteoclastogenesis is frequently concomitant with bone destruction in inflamed sites, and because IL-17 seems to play a major role in inflammatory pathogenesis, including rheumatoid arthritis, we suggest that therapies targeting IL-17 may uncouple the osteoclastogenesis and osteoblastogenesis cycles and be effective candidates to treat inflammatory bone lytic diseases.
Materials and Methods
Regents. Recombinant human IL-17 was purchased from R&D Systems (Minneapolis, MN, USA). RANKL and M-CSF were obtained from PeproTech Inc. (Rocky Hill, NJ, USA). Lipofectamine 2000 was purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). The reactive oxygen-dependent fluorescent dye DCFH-DA was purchased from Molecular Probes (Leiden, the Netherlands). Anti-human IL-17 and IL17Ra neutralizing antibodies were from R&D Systems. Anti-TRAF6 antibody was purchased from Stressgen (Ann Arbor, MI, USA). Phosphospecific antibodies against Akt, MEK, ERK, p38, JNK, and IkB were obtained from Cell Signaling Technology (Beverly, MA, USA). NAC was purchased from Sigma (St. Louis, MO, USA). Inhibitors U0126, SB203580, DPI, and LY294002 were obtained from Calbiochem (La Jolla, CA, USA). 5-Azacytidine was purchased from Sigma.
Cells. Commercially available human MSCs were purchased from Cambrex (Walkersville, MD, USA). Primary human MSCs were isolated from the patients' femur samples obtained during surgical operation. Briefly, bone marrow cells suspended in phosphate-buffered saline (PBS) were layered on lymphocyte separation medium (density 1.077 g/ml, Cellgro, Manassas, VA, USA) and centrifuged at 1100 Â g for 30 min at 41C. Cells collected from the interface were washed and resuspended in low glucose DMEM (Welgene, Daegu, Korea) supplemented with 10% fetal bovine serum (FBS) (Biowhittaker, Walkersville, MD, USA). After culture for 6 weeks, cells were tested for surface expression of MSC markers and differentiation into cells of mesenchymal origin. Human MSCs between passages 2 and 7 were used for all experiments. PBMCs were isolated from the peripheral blood of healthy donors. In some experiments, T cells and monocytes were purified from PBMCs using IMag anti-human CD3-and CD14-conjugated microbeads (BD Bioscience Pharmingen, San Diego, CA, USA), respectively. The purity of isolated cells was determined by FACS analyses. All experimental protocols were approved by the institutional research committee of Seoul National University.
Flow cytometry. To identify IL-17-producing cells, PBMCs were fixed with 2% formaldehyde, briefly permeabilized with 0.1% Triton X-100, and incubated with anti-human CD3 antibody (eBioscience, San Diego, CA, USA; 1 : 400) followed by fluorescein isothiocyanate-labeled anti-mouse IgG (Sigma; 1 : 1000) and anti-IL-17 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 200 : 1) followed by Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA; 1 : 1000), respectively. /well in 48-well plates. After addition of 30 ng/ml M-CSF and 100 ng/ml RANKL, culture supernatants were collected every 3 days. The amount of IL-17 in culture supernatants was measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (R&D Systems). Alternatively, T cells and monocytes purified with anti-CD3 and anti-CD14 microbeads, respectively, were used. Purified T cells (10 6 /well) were cocultured with macrophages derived from the purified monocytes (10 6 /well) in the presence of M-CSF (30 ng/ml). In transwell experiments, macrophages were seeded in bottom plate wells and T cells were added onto the 5 mm pore insert of the transwell-24 system (Corning, Lowell, MA, USA). After 3 days, culture media were collected and IL-17 levels were measured by ELISA.
Cell proliferation and Rac1 activity assay. Proliferation of hMSCs was measured by quantification of BrdU incorporation into S-phase cells using a QIA58 BrdU ELISA kit (Calbiochem). Activation of Rac1 was determined using an EZDetect Rac1 activation kit (Pierce, Rockford, IL, USA) and 500 mg of cell lysate.
Assay of intracellular ROS. Human MSCs were cultured on 4.5-mm thick cover glasses in 6-well plates. After serum starvation for 5 h, cells were stimulated with IL-17, washed with DMEM lacking phenol red, and incubated for 5 min in KrebsRinger solution (Sigma-Aldrich) containing 10 mM DCFH-DA in the dark. The cover glass on which stimulated hMSCs were attached was transferred to a Zeiss LSM 5 Pascal confocal microscope (Carl Zeiss, Thornwood, NY, USA), and DCF fluorescence was measured with an excitation wavelength of 488 nm and emission at 505-530 nm. To avoid photooxidation of DCF, the fluorescence image was collected by a single rapid scan (4-line average, total scan time of 4.5 s). After collection of the fluorescence image, the mean relative fluorescence intensity for each group of cells was measured using Zeiss LSM 5 Pascal software.
Vector-based siRNA preparation and retroviral gene transfer. For siRNA experiments, 21 base oligonucleotide target sequences were ligated into pSuper-retro vector (Oligoengine, Seattle, WA, USA) using BamHI and HindIII sites as previously described. 32 VSV-G pseudotyped retroviruses were generated by transfecting HEK cells with pEQ-PAM3-E, pSRa-VSV-G, and pSuper-retroNox1siRNA, pSuper-retro-TRAF6siRNA, or pSuper-retro-Act1siRNA plasmids. The conditioned medium was harvested and filtered through a 0.45-mm filter after 48 h. Retroviral infection was performed by incubating hMSCs with VSV-G pseudotyped retrovirus-containing supernatant with the addition of 6 mg/ml polybrene for 48 h. Successful infection of cells was monitored by detecting GFP fluorescence. The target sequences to generate siRNA vector for each gene are listed in the Supplementary Table 2 .
Oligonucleotide-mediated RNA interference. To knock down the levels of endogenous TRAF6 and Act1 protein, hMSCs were transfected with double-stranded RNA oligonucleotides at a final concentration of 20 nM using lipofectamin 2000 according to the manufacturer's instructions. After a 36-h incubation, the intracellular ROS levels of cells were analyzed. The target sequences used to generate the RNA interference oligonucleotides for each gene are listed in the Supplementary Table 3 .
RT-PCR. One mg of total RNA was heated to 651C for 10 min followed by chilling on ice. The denatured RNA was reverse transcribed in the presence of 0.5 mg of poly dT in 20 ml buffer containing 1 mM dNTP, 25 mM Tris-HCl, 50 mM KCl, 2 mM DTT, 5 mM MgCl 2 , 1 U of RNase inhibitor, and 20 U of SuperScript II reverse transcriptase (Invitrogen). The mixture was incubated for 50 min at 421C and for 15 min at 701C. One ml of the generated cDNA was used for PCR with the thermal cycles of denaturing at 941C, annealing at 55-601C, and extension at 721C for 30 s each. The number of amplification cycles was determined to be in a linear range of amplification, that is, 22 cycles for GAPDH and 25-30 cycles for the others. The primer sequences are listed in the Supplementary Table 1 .
Western blotting analysis. Western blotting experiments were carried out as previously described. 33 Briefly, cells were washed twice with ice-cold PBS and ruptured with lysis buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, and protease and phosphatase inhibitors. Cell extracts were microcentrifuged for 20 min at 10 000 Â g and supernatants were collected. In all 30 mg of cellular protein was resolved by SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked for 1 h with 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 and incubated overnight at 4 1C with primary antibodies. Membranes were washed, incubated for 1 h with appropriate secondary antibodies conjugated to horseradish peroxidase, and developed using chemiluminescence substrates.
Migration and wound healing assay. A Boyden chamber was used to assess the migration of MSCs through polycarbonate filters (pore size 8.0 mm). 2 Â 10 6 hMSCs in 56 ml DMEM (low glucose) were placed in the upper wells. The lower wells of the chamber were loaded with 28 ml of DMEM with IL-17 (100 ng/ml). At 8 h after incubation, cells that had migrated to the lower surface of the filter were fixed and stained with Hemacolor for Microscopy kit (Merck, Darmstadt, Germany). Images were obtained using a UMAX powerlook1100 scanner (UMAX, Taipei, Taiwan). Human MSC monolayers were wounded by scratching with a pipette tip. After washing the debris, hMSCs were treated with IL-17 (50 ng/ml) for 24 h. Cells were fixed with 3.7% formaldehyde solution, stained with hematoxylin solution
